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PERFORMANCE OF MULTIPLE JET~-EXIT INSTALLATTIONS*

By John M. Swihart and Williem J. Nelson
SUMMARY

This paper presenits the resulits of recent exploratory investiga-
tions of the performance of clustered jet-exit instellations at Mach
numbers from 0.60 to 3.05. Data presented herein were obtained with
tunnel-wzll-mounted models with cold-air-jet exhaust. The results indi-
cate that large bese-pressure drag coefficients may be encountered in
the transonic and low supersonic speed range and that the best configura-
tion investigeted was boattailed between the nescelles, had a cylindrical
nacelle efterbody, and a divergent nozzle with = design pressure ratio
of 15. It was also indiceted that afterbody terminal feirings or base
bleed might be used to reduce the performance losses of overexpanded
nozzles. If the terminal fairings or base bleed were applied to fixed
ejector geomeiry, an importent saving in weight and complexity would
result.

INTRODUCTION

Recent supersonic eirplane designs, where the engines are clustered
along the trailing edge of the wing in a side-by-side srrangement, have
raised meny questions reletive to internacelle and interjet interferences
on the base and afterbody drag. The purpose of this paper is to discuss
the results of some recent investigations of clustered exit installations.
Tests were conducted at Mach numbers from 0.60 to 3.05 with jet total-
pressure ratios up to L4O.

SYMBOLS
PR D
Cp drag coefficient, Eg
CD,b base-pressure drag coefficient

X, : 1 ms 2
Title, Unclassified.
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Cp thrust coefficient, é%

Co,1 base pressure coefficilent, ngijif

D drag

F thrust

M Mach number

Pb base pressure

EELJ ratio of jet total pressure tc free-stream static pressure
P

D, free-stream stetic pressure

qQ dynamic pressure

S assuned rodel wing area, 0.37 sq ft

ZSG%,— CD) incremental thrust-minus-drag coefficient

e nozzle divergence angie

5] beoattall angle
APPARATUS

An exploratory investlgation has been conducted in the langley
G~ by 1l2-inch blcwdown tun=nel and in the Langley Znternal aerodynemics
laboratory by using wall-mounted models which approximately duplicated half
of the configuration shown in figure 1. Interchengeable exit configurations
with different amounts of boattailing, nozzle-divergence angles, and
afterbody terminal fairings are preserted subsequently. The jet exhaust
was simulated with cold air; nurerous test data have shown that this
simulaticn is adequate for an exploratory investigation of this type.
(See refs. 1 and 2.) Base pressures, surface pressures between the
nacelles, drag, and thrust-minus-drag were measured, and flow-visualization
studies have been made over the Mach nurber range.
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RESULTS AND DISCUSSION

Base Pressures

Effect of pressure ratio at transonic speeds.- Figure 2 shows the
base-pressure coefficients of side-by-side arrangements et transonic
speeds. The average base-pressure coefficient obtained by averaging
the pressures over the base is plotted against the ratio of jet total
pressure to free-stream static pressure at Mach numbers of 0.90 and 1.23.
Data are for a three-engine configuretion with a Jjet-to-base diameter
ratio of 0.5 and sonic exits. This configuration is a basic model with
slight boattailing and a flet base and is not intended as a practical
configuration; however, configurations with similar lines have been
proposed where large amounts of secondery Tflow are available for base
bleed. BSingle-engine necelle date ere shown for comparison, inasmuch as
wide ranges of shape variables heve been investigated on single-engine
nacelles at transonic and supersonic speeds. The data for the single-
engine configuration are for a cylindrical nacelle with & sonic jet exit
and the same base-to-diasmeter ratio as the three-engine clustered config-
uration. The data indicate that the trends of the single-engine and
the three-engine configurations are very similar; thus, the single-
engine nacelle dazta could probably be applied qualitatively to the
clustered exit design. The important thing in figure 2, however, is the
magnitude of the base-pressure coefficient, inesmuch as the peak nega-
tive values occur near the operating pressure ratios for supersonic
engines for each Mach number. In fact, at a Mach number of 1.25 for a
six-engine airplane with 5-foot-diameter nacelles and 6,000 squere feet
of wing area, the base-pressure drag coefficient would be 0.0066. This
value of CD,b indicates that, in a region where the thrust mergin of

the supersonic engine mey be a minim:m, the base-pressure drag may be
& maximum; consequently, there would be an increase in acceleration time
and a loss in airplane range.

Effect of Mach numper.- Figure 3 shows the effect of Mach number
on base-pressure coeificient. The average base-pressure ccefficient
is plotted against Mach number at pressure ratios corresponding to the
schedule of engine-pressure-ratio variation with Mach number shown
in this figure. This pressure-ratio schedule is considered to be
typical for the supersonic engine. The data shown in the transonic
speed range are for the three-engine configuration shown in figure 2
with sonic jet exits. The data shown at Mach numbers of 1.62 and above
ere for a similsr flat-base configuration with convergent-divergent
nozzles with design pressure ratios of 8. The nozzles are underexpanded
for all Mach numbers sbove 1.62; however, this is the design condition
for some supersonic engine configurations. Expansion ratios greater
than this value would make Cp)y, more negstive. The data indicate

L M
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thet the base-pressure coefficient reaches a peak negative value between
Mach numbers of 1 and 1.5 and then falls rapidly with an increase in
Mach nurber. The value looks smell at a Mach number of 3.05; however,
if it were applied to the six-engine airplane with.a wing area of

6,000 square feet mentioned previously, the base-pressure drsg coeffi-
cient would be about ©.0010 or approximately T percent of the expected
total drag of such a configuration.

Effect of Boattailing

The guestion arises - how much should the clustered exit configu-
ration be beattailed? Shown in figure 4 are three configurations with
various amounts of boattalling. All three of these configurations have
the same internal nozzle contour, nemely, convergent-divergent nozzles
with design pressure ratios of sbout 8. Configuration 1 is an ideallzed
configuraticn with zerc base area and 4° of boatt tailing on the individual
nacelle. It is also boattailed betweern the individual nacelles. Con-
figuration 2 has cylindrical nacelles, & base annulus, and boattalling
netween the nacelles. Configuration 3 kas no boattailing whatsoever.

As was steted previously, consilderation has teen given to configurations
with flat bases similar to configuration 3.

flgure 5 shows the effect of bdettailing on Ilncremental thrust
minu= drag coefficient. The incremental thrust minus drag is obtained by
subtracting the measured thrust minus drag of the configurstion from
that of configuration 1 at pressure ratios ccrresvonding to the schedule
with Mach number slso shown in the figure. Configuration 1 will be used
as the reference configuration in all subseguent plots of A.QF - CD)

in this paper. The data indicate that progressive boattailing from
configuraticn 3 tc configurstiorn 1 resuits in 2 reduction of drag in
thet same order. It apvesrs that the overall boattailing of the configu-
ration may be ncre iwportant than that of the individual nacelle, since
configuration 2 has reduced the drag so that it aporoaches that of con-
figuration 1. Base pressures measured on configurations 2 and 3 at =
Mach number of %.05 indicate that the jet interference due 4o the under-
expanded jet has a more marked beneficial effect on configuration 2

tnen on configuration 3, as is shown in figure 6. The improvement to
cenfiguration 3 that would be cbtained by the addition of base bleed is
unknown, but it is expected tkat base bleed would provide a smeall improve-
ment in base-pressure drag coefficient

Effect of Afterbody-Nozzle Geometry

In figure 5 the effect of boattailing

with fixed nozzle geometry
was shown. Figure 7 shows three configurat ons

which represent a schedule
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of afterbody-nozzle geometry over the Mach number renge where each setting
is designed to produce optimum thrust at a particular Mach number. Con-
figuration 1 is repeated from the previous figures and configuratvion L
represents a maximum afterburner setting with a cylindrical necelle and

a convergent-divergent nozzle with a design pressure ratio of 15 at a Mach
pumber of 2.4. Configuration 5 represents an intermediate setting with

a design pressure ratio of 11 and design flight Mach nmumber of 1.9.

The varietion of incrementsl thrust-minus-drag coefficient with Mach
number for these three configurations is shown in figure 8. The data
are presented for the pressure-ratio schedule also shown in figure 8.
It is indicated thet configuration 4 is better than the other two con-
figurations over the entire Mach mumber range. It would be expected that
configuration 4 would be the best zbove a2 Mach number of 2.4, since it
has a zero pressure drag nacelle and the nozzle 1s at or above its design
pressure ratio. In other words, it is developing more divergent nozzle
thrust zbove this Mach number., The low value of A(CF - CD) of con-

figuration It suggests the possibility of even better performence near

M = 3.0 with & larger nacelle and a nozzle having a higher design pres-
sure ratio. It is surprising that configuration 4 does not exhibit more
of the expected large overexpension losses at speeds below design. It
is noted that some delsy 1in experiencing these losses has already
occurred, probably because of externzl stresm and separstion effects in
the nozzle. It msy also be caused by the low Reynolds number of the
internal flow. If the good performance of configuration 4 can be main-
tzined into the trensonic speed range by eliminating the overexpension
losses which are known to occur (see ref. 3), it might be possible %o
operate the clustered exit over the Mach number renge of this investi-
gation with fixed ejector geometry and thereby make a large saving in
welght and complexity.

Terminsl Feirings

Figure 9 shows photographs of two special devices which were investi-
gated at transonic speeds in an attempt to reduce the overexpansion losses
of fixed ejector geometry and to improve the configuration performance.

To the first device, shown in the upper left of the figure, six bodies
heve been applied to a combination of a low-design-pressure-ratio
convergent-divergent nozzle and a curved-afterbody, and these fairings
are very carefully designed to increase the effective fineness ratio

of the afterbody and to provide surfaces for the underexpanded jet to
act upon. The slotted afterbody shown in the lower right of the figure
is & variation of the terminal falring idea which locks a little more
conventional. It consists of & basic curved afterbody with a fixed-
divergent ejector designed for a pressure ratio of 10 with longitudinsl
slots cut into the ejector throat to ventilate the surface at sonic
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speeds. Both of these terminal fairing models showed significant improve-
ment in thrust minus drag over their basic configurations throughout most
of the transonic speed range.

Since some success had been attained at transonic speeds, terminal
fairings were zpplied to the flat-base configuration (configuration 3),
and figure 10 shows the complete model used for the supersonic irvesti-
gaticn with the terminal fairings installed. The intermal contour of
the nozzles is the same as that of the flat-base configuraiion and the
boattailed configuration (configuration 1) that wes shown earlier. The
results shown in figure 11, where A(CF - CD) is plotted against Mach
number for the pressure-ratio schedule shown in the figure, indicate that
the fairings provide a significant improvement over the flat-base config-
uration. In fact, they reduce the drag about one-half the way toward
configuration 4, whick was the best studied. The drag of the fairing
rodel was sbout the same as the best of the boattail series shown here
as the reference. Obviously, the fairings could have been applied to
a boattailed design and, of course, the fairing design has not been
optirmumized in the supersonic speed range. The success gained to date
with these terminal fairings indicates the need for further research on
this type of design.

CONCLUSIONS

Recent exploratory Investigetions of the performance of clustered
jet-exit irstalliations at Mach numbers from 0.60 to 3.05 indicated the
following ccnclusions:

would apply cuelitetively tc the clustered-exit design.

2. There is a large arount of single-engine data available that

2. The clustered-exit installations may encounter very large base
pressure drags ir the transonic and low supersonic speed range where
the exit nozzle is closed down to provide raximum internal performance.

3. Sigrificant effects of configuration geometry were shown with
the indication, at least, that overall boattailing masy be more powerful
than that of the individusl nscelle.

L. The best configuration investigated was a cylindrical nacelle
with boattailing between the nacelles and a convergent-divergent exhaust
nozzle with a design pressure ratio of 15. This configuration was
suverior well intc the region where the nozzle was overexpanded. It
appears thai, if some method of delaying these adverse overexpansion
effects can be found, importent savings ip weight and complexity can be
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gained by fixed ejector geometry. One possible method of accomplishing
this is by the use of terminal fairings and another method may be by the
use of base bleed.

Lengley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., March 20, 1958.
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CLUSTERED ENGINE ARRANGEMENT
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Figure 1

TRANSONIC BASE PRESSURE
JET EFFECT OF SIDE-BY-SIDE NACELLES

A SINGLE
ENGINE
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Figure 2
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EFFECT OF MACH NUMBER ON BASE PRESSURE COEFFICIENT
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INCREMENTAL THRUST-DRAG
EFFECT OF BOATTAILING
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BOATTAIL AND NOZZLE GEOMETRY
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STERMINAL FAIRINGS

Figure 9

TERMINAL. FAIRINGS APPLIED TQ CLUSTERED EXIT ARRANGEMENT
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Figure 10
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INCREMENTAL THRUST-DRAG
TERMINAL FAIRINGS APPLIED AT SUPERSONIC SPEEDS
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